The atomic force microscope was used to show that Langmuir-Blodgett films are unstable to reorganization via a folding mechanism by which uniformly thick films spontaneously form holes and multilayer steps. These bilayer step defects originate at isolated sites and quickly spread to cover the entire film. The defects retain the sixfold symmetry of the underlying molecular lattice; after sufficient time, straight edges begin to form and the entire film is comprised of high islands with straight edges aligned with sixfold symmetry. The kinetics of the reorganization depend strongly on the chain length of the fatty acid used and the nature of the substrate. The results suggest that the reorganization is driven by an interconversion of strained, asymmetric monolayers to unstrained, centrosymmetric bilayers.
Introduction
Langmuir-Blodgett (LB) films, layered assemblies of amphiphilic molecules, have potential applications in the areas of non-linear optics, molecular electronics, biosensors, and as models for cell membranes [1] . Most of these applications rely upon the self-organization of amphiphilic molecules to form very thin and essentially perfect films with known thickness and molecular orientation. Although a few experimenters have warned that the flat, featureless LB film may not be the equilibrium structure [2] , little work has been done to study the approach to equilibrium as the tools for this study had not been available until the development of scanning probe microscopy. Any metastability is detrimental, for example, to applications of LB films in non-linear optics where interdiffusion and molecular rearrangement can severely diminish second harmonic generation, which depends explicitly on molecular orientation and layering [3, 4] . Probe microscopy *To whom correspondence should be addressed. (373) techniques have clear and significant advantages over scattering and spectroscopy when it comes to exploring such inhomogeneities and defects [5] [6] [7] . Conventional contact-mode atomic force microscope (AFM) has emerged as the preferred technique for imaging LB films [5] [6] [7] because it can probe LB films quickly, directly, and non-destructively without the need for high vacuum or metal replicas as is the case for electron or scanning tunneling microscopy [8] . Furthermore, we can vary the magnification from molecular resolution images to a field of view of 100 m, allowing the correlation of structures on extremely different length scales.
We have chosen cadmium fatty acid salts as the materials for this study as they have been ubiquitous to LB deposition schemes since the days of Langmuir and Blodgett, and are still commonly used as spacer layers for non-linear optics [3, 4] . The conclusion of the present work is that a homogeneous and uniformly thick Langmuir-Blodgett film, when allowed to equilibrate under water, will reorganize to form steps and holes with heights corresponding to integral numbers of bilayers. We believe that the driving force behind this reorganization is the ehimination of non-centrosymmetric layers -a combination of AFM, ehectron and X-ray diffraction [5, 9] shows that monolayers are inherently less ordered than bilayers. The continued approach to equilibrium involves the formation of macroscopic crystallites whose straight edges are explicitly shown to correspond to molecular lattice symmetry directions. The crystallites appear to retain the hexagonal symmetry of the original LB films, indicating that the reorganization is a bulk folding of layers rather than molecular scale events. The minimum size of the folded domains likely depends on the competition between the increase in cohesion energy of the newly folded regions and the extra energy associated with the increase in hydrocarbon-water contact at newly formed step edges. These ideas are reinforced by the fact that the kinetics of the reorganization depend strongly on the chain length of the fatty acid salt and the nature of the substrate in contact with the monolayer.
Materials and methods
Palmitic, stearic, arachidic and behenic acids (CΗ 3 (CΗ 2 ) 14-20 COOΗ, Aldrich, 99%) were spread quantitatively from chloroform (Fisher spectranalyzed) solution onto an aqueous [water from a Milli -Q (Millipore Corporation, Bedford, MA) system was used] subphase in a commercial ΝΙΜΑ (ΝΙΜΑ Technology, Ltd., Warwick Science Park, Coventry CV4 7EΖ, England) trough. The subphase water included 5 x 10 -4 Μ CdC12 (Aldrich 99.99%) and was adjusted to a pΗ of 6.5 by addition of ΝaΗCO 3 (Aldrich 99.95%). Substrates were freshly cleaved mica or polished silicon wafers (Semiconductor Processing, Boston, MA) (orientation (100), 3 ohm cm, n-type) with a rms roughness of approximately 3 Α as measured by AFM. Prior to deposition, the silicon wafers were cleaned in a hot solution of Η2 O 2 /Η2 SO4 (3:7 ratio) to remove any organic contaminants while leaving the amorphous native oxide intact, then stored in clean water until use. The mica substrates were cleaned by continuous rinsing with ethanol for 5 min. After removal from the ethanol bath, the mica was cleaved using ordinary adhesive tape, and inserted into the subphase. Since all films were Y type (i.e. adjacent layers stack head to head or tail to tail), films deposited on a hydrophilic substrate and imaged in air had an odd number of layers (1, 3, or 5) with the methyl end of the alkyl chain at the interface. Isotherms and film deposition were done on the ΝΙΜΑ trough at 22.0 ± 0.50C and a surface pressure of π = 30 ± 0.1 dyn/cm. Film transfer was accomplished by vertical dipping at a speed of approximately 1.6 mm/mm. Transfer ratios were approximately unity. Aging under aqueous subphase was achieved by interrupting the dipping process with the film submerged, waiting for a given time, and then drawing the substrate through the air-water interface. This last pass through the interface could be done with or without a monolayer at the interface. Films were stored in closed containers for times ranging between 1 and 30 days before imaging. The length of time between deposition and imaging did not affect the images.
AFM measurements were performed with a Nanoscope Multimode (Digital Instruments, Inc., Goleta, CA 93117) FM in air at room temperature, using a 15 m or a 1 m scan head and a silicon nitride tip on a cantilever with a spring constant of 0.12 N/m. Most imaging was done using "height" mode (utilizing feedback to keep the spring at constant deflection and measuring sample motion), however, the best molecular resolution was achieved by using "force" mode, i.e. scanning the tip at approximately constant height and measuring spring deflection. Typical forces used were on the order of 10 nN. Further details about molecular resolution measurements have been given elsewhere [5, 6] . Figure 1 shows an overview of the time evolution of a cadmium arachidate LB film when allowed to stay submerged under, aqueous subphase. Figure 1a shows a film submerged for about 10 min. Small volcano-like patches were observed which appeared to be nucleation sites for reorganization. Three heights are observed, corresponding to 1, 3, and 5 layer regions. The nucleation site appears as though small bilayer sections have simply peeled off the substrate and flipped over onto already covered areas of the film to form multilayer patches. The sizes and shapes of the holes in the film are consistent with the sizes and shapes of the multilayer regions.
Results
After 30 min. (Fig. 1b) , the process is so advanced that nearly the entire film is involved in the reorganization. There is an extensive network of multilayered terraces, separated by heights that are a multiple of the bilayer spacing of 5.6 nm [5] . From a rough analysis of a number of images, it is apparent that the relative areas with less than the average number of layers is roughly equal to those with more than the average number of layers. Hence, none of the cadmium arachidate is being lost or solubilized, it is merely reorganizing on the surface. After 10 hours submerged (Fig. 1c) , the pattern is much more dendritic in form and the shape of the steps is much more anisotropic. After 48 hours submerged (Fig. d) the film has segregated into isolated islands, separated by regions of monolayer coverage. Not only do the islands have straight, sharp boundaries, but, as shown by the approximately hexagonal symmetry of the Fourier transform (inset), the island edges have well defined absolute orientations.
Because of the large range of magnifications available to the AFM we nave previously [6] been able to .explicitly establish a correspondence between the di-rection defined by the edge of an island and the molecular lattice direction within that island. For all the islands we observe (Fig. d) , the [01] direction is identical to the edge direction observed. Due to the nearly hexagonal symmetry of the lattice [5, 6] , most of the crystallites in the film are related by a rotation of about 600. The large anisotropy of the crystallites formed during the reorganization process suggests that the [01] lattice direction has a substantially lower edge energy than do the other crystallographic directions. In the rectangular packing of cadmium arachidate, the [01] direction has the shorter of the two lattice vectors [5, 6] and hence is the close packed direction of the lattice.
The kinetics of the reorganization is strongly affected by the chain length of the fatty acid in the films. Figure 2a shows a five-layer film of cadmium palmitate (16 carbon fatty acid) after just 10 min in the subphase. The extent of reorganization is comparable to that of cadmium arachidate after 48 hours (Fig. d) . Figure 2b shows a cadmium arachidate five-layer film on silicon that shows less extensive reorganization than the palmitate after the same ten minutes in the subphase. However, cadmium behenate (22 carbon fatty acid) shows only isolated nucleation sites after even one hour in the subphase (Fig. 2c) . Multilayer films of all three fatty acids films have the same crystal lattice when examined in air [5] , so it is likely that the formation of island edges at which the hydrocarbon portion of the fatty acid are exposed to the subphase limits the kinetics of formation of the reorganized structures.
The reorganization also depends on the nature of the substrate [10] [11] [12] . Figure 3a shows an originally five-layer cadmium arachidate film on an oxidized silicon wafer after 30 min in the subphase. The reorganization is well advanced. However, Fig. 3b shows that a similar five-layer film on a mica substrate is essentially flat except for a small density of pinholes. This is surprising in that the choice of substrate did not influence the lattice parameters and symmetry of multilayer films of fatty acid salts [5] . However, it does suggest that there is something about the monolayer and its attachment to the substrate that is influencing the stability of the film structure.
In all of our studies to date, we have never observed any lattice structure in fatty acid salt monolayer films on any substrate, suggesting that the monolayer is inherently different in structure than multilayer films. To extend our AFM observations, we performed electron diffraction on 1-and 3-layer films on a hydrophihic formvar substrate. The diffraction pattern from the 3-layer film (Fig. 4a) agrees quantitatively with our AFM results. The diffraction pattern from the 3-layer films shows sharp reflections, higher order reflections and evidence of twinning, indicative of long-range orthorhombic packing, as do AFM images [5, 6] . This is evident in the large difference between the width of the spots along the radial direction (which is indicative of molecular ordering) and the azimuthal direction (which is indicative of the orientation of the crystalline grains in the films). The diffraction from the monolayer, however (Fig. 4b) , agrees with other electron and X-ray diffraction data [9] and shows a hexagonal structure with a nearest-neighbor dis-tance of 0.47 nm, giving an area per molecule of 19.4 Α2 , about 8% larger than in multilayer films. The monolayer reflections are almost as wide in the radial direction as in the azimuthal direction, indicating much less molecular order in the monolayer. The extra area per molecule of the monolayer film and the short-range positional correlation length [9] implies that there is considerable motion and disorder within the individual alkane chains as compared to the close packed chains in the multilayer (area per molecule of 18 Α 2 ). This is supported by Fourier transform infrared (FTIR) spectroscopy measurements [9] which show that the alkane chains of monolayers show less crystallinity than in thicker films. The electron diffraction pattern shows the average position of the centers of mass of the chains, which have hexagonal symmetry but no long-range ordering. This increased disorder in the alkane chains of monolayers is consistent with our AFM images that show an absence of order at the methyl end of the chains. The end of the fatty acid chains observed by the AFM are the least ordered part of the chain and increased motion and disorder leads to a complete lack of order in the AFM images.
Discussion
In previous work [5, 6] we have noted that multilayer films of fatty acids salts have well defined and long-ranged orthorhombic lattices, while monolayer films of the same salts are disordered. The variation between the monolayer and multilayer structure may be the driving force for the instabilities seen here. We can rule out purely entropic effects (which are important in thermal crystal roughening [10] ) because the state the system appears to be approaching in equilibrium is one of thick, but flat, crystallites. If the reorganization were driven by entropic considerations we would expect the film to approach a much rougher final state.
By stacking higher, the film can increase the number of internal bilayers while minimizing both substrate and surface monolayers. In bulk fatty acid crystals, the equilibrium structure consists of a monolayer of metal ions sandwiched between bilayers of fatty acids [13] , or a centrosymmetric structure. However, the LB technique deposits films that are inherently asymmetric -at the air-water interface on the Langmuir trough, the cations are associated with the aqueous phase and the hydrocarbon chains of the fatty acid are oriented toward the air. The main difference between the internal layers of the film and the layer in contact with the substrate (or the layer in contact with the water) is the inability of the first layer to form a centrosymmetric structure. From the electron diffraction and AFM images, the asymmetric monolayers are less ordered than the centrosymmetric bilayers; the area per molecule is about 8% larger in the monolayer, and the symmetry is hexagonal rather than orthorhombic; the absence of higher-order reflections and the broadening of the reflections observed show that the order is short-ranged and highly defective. This suggests substantial packing frustration in the monolayer that is relieved in the centrosymmetric bilayer [12] ; the asymmetric structure likely is highly strained as the area occupied by the chains (19.4 A 2 ) is larger than the equilibrium area in the bulk crystals and multilayers (18 t12 ). By folding over, the strained, asymmetric monolayers can relax to the equilibrium, unstrained and ordered centrosymmetric bilayer, thereby relieving the frustration.
The strong dependence of the reorganization kinetics on the nature of the substrate show that the stability of the monolayer is important to the reorganization process. The cadmium cation can interact strongly and specifically with the negatively charged mica surface; the cadmium ions do not interact with the neutral silicon oxide surface. Hence, monolayers on mica are expected to be more stable than monolayers on silicon oxide. The stronger the interaction between the substrate and the monolayer, the more stable the films should be. Future work will concentrate on lead films that show a strained van der Waals epitaxial growth on mica [14] ; these films should reorganize much more slowly than the cadmium arachidate films.
An additional energetic cost are the island edges that have a repulsive hydrophobic interaction between the exposed hydrocarbon chains of the cadmium arachidate and the subphase water. However, it is possible that the island edges are closed off in a sort of semi-micellar or other arrangement to minimize this cost. The cost of edges is also not uniform; the large shape anisotropy of the crystallites is consistent with the fact that the [01] direction is preferred to all others. Changing the length of the hydrocarbon chain, and hence the strength of the hydrophobic interaction and resulting edge energy, alters the kinetics of the reorganization dramatically. Cadmium palmitate (16 carbons) reached a degree of reorganization comparable to a 48 hour aged cadmium arachidate (20 carbons) film after only 10 min aging. Cadmium behenate (22 carbons) needed approximately 60 min aging to reach the stage of first nucleation that was seen in cadmium arachidate after 10 min aging. Decreasing the edge energy by decreasing the length of the fatty acid hydrocarbon chain clearly decreases the minimum size of a nucleation site, resulting in the faster kinetics. However, given sufficient time, all of the films reorganized regardless of chain length. This edge energy serves to explain, however, why both nucleation and crystal growth takes place by the movement and folding of areas large in comparison to molecular dimensions. The ratio of surface area to edges is roughly proportional to the square root of the surface area. Hence, the edge energy for a small island would be disproportionately large. As a consequence, there is likely to be a minimum size island required to initiate folding and nucleate the reorganization, similar to the case in three dimensions for condensation of a liquid from its vapor in which a minimum size droplet is necessary to initiate nucleation of a liquid in a vapor due to the competition between the latent heat of condensation and surface tension [12] .
Conclusion
We have observed the evolution of LB thin films of cadmium fatty acid salts when allowed to age under aqueous subphase. The uniform film reorganizes by forming terraces of bilayer steps initially in a random network. After more time the film forms into separate island crystallites (with straight edges) that have orientations related by an approximate hexagonal symmetry. The predominant direction of the island edges corresponds to the [01] molecular lattice direction. The crystallites appear to retain the hexagonal symmetry of the original LB films, indicating that the reorganization is a bulk folding of layers rather than molecular scale events. The driving force for the reorganization can be attributed to the elimination of strained, asymmetric monolayers in favor of unstrained, centrosymmetric bilayers [13] . This effect is of great practical significance to those researchers interested in building up multilayers of different chemistry or functionality using Langmuir-Blodgett deposition. The asymmetric layers of fatty acids deposited by the LB technique are inherently metastable. The,layer ordering and orientation imposed by the deposition are severely disrupted as the film coated substrate is allowed to traverse the subphase, for example, during the time required to aspirate one type of monolayer from the surface and replace it with another or even just the normal time required for multilayer deposition. The reorganization we see is one way for the system to eliminate strained and asymmetric monolayers in favor of unstrained and centrosymmetric bilayers. The LB technique is incompatible with depositing a centrosymmetric structure -reorganization is an inevitable consequence of the progression to equilibrium. As a practical matter, if such alternate layered systems are required, cadmium behenate, with its substantially slower reorganization kinetics, should be chosen over cadmium arachidate or cadmium stearate. However, the main conclusion is that the asymmetric monolayers deposited by the Langmuir-B l odgett process are inherently unstable to centrosymmetric bilayers, which limits the applications of the LB process. Alternate molecular geometries and deposition strategies will be required to provide satisfactory layered materials.
